A new experimental technique has been devised to measure residual stresses in ductile materials with a combination of laser speckle pattern interferomeiry and spot heating. The speckle pattern interferometer measures in-plane deformations while the heating provides for very localized stress relief. The residual stresses are determined by the amount of strain that is measured subsequent to the heating and cool-down of the region being interrogated. A simple lumped parameter model is presented to provide a description of the method. This description is followed by presentation of the results of finite element analyses and experimental results with uniaxial test specimens. Excellent agreement between the experiments and the computer analyses were obtained.
INTRODUCTION
Residual stresses can occur in many engineering structures such as airplanes and nuclear reactors and can sometimes lead to premature failures. Residual stresses may be defined as 'those stresses existing without (and generally prior to) the application of any intended, or unintended external loads1." Residual stresses are produced by many material processing and joining operations such as; welding, machining, rolling and others. In many instances tensile residual stresses can result in fatigue failures and promote corrosion. On the other hand, compressive residual stresses are sometimes purposely induced in materials by shot peening, water peening or rolling to help resist fatigue by reducing the potential for crack growth. Interest in either the measurement or formation of residual stresses exists in many industries. These industries include: manufactures of piping and pressure vessels such as oil refineries, chemical plants and power plants; the material processing industry, the transportation industry and the electronics industry.
There are two commonly used methods by which residual stresses are currently measured. One method is known as blind hole drilling2'3 and the other method is X-ray diffraction4, or XRD. Neutron diffraction is a third method, however it is restricted to the laboratory because this method requires an intense neutron source such as a nuclear reactor. Other techniques such as Barkhausen Noise, Ultrasonics and others have been5 and are being developed.
We are developing a new experimental technique to measure residual stresses with a combination of laser speckle pattern interferomeiry and spot heating. The technique is based on the well known idea that when stressed material is heated, the stress may be relieved to a certain degree based on the time and temperature of the heat treating process and the stress-strain characteristics of the material. The ultimate measurement technique is to be done by heating a small spot in the region of interest with an infrared laser and determining the net plastic flow with an electronic speckle pattern interferometer. If one knows the material properties and the heating/cooling cycle, one can deduce the residual stresses. This approach is being developed because it is totally nondestructive and has the potential to be an easily applied in situ during a field measurement.
The process to determine the residual stress can be envisioned with the simple lumped parameter example, which is discussed next. This simple lumped parameter model only crudely represents the actual process, but in addition to providing this physical description of the process, it defines what material properties and other parameters are required for a measurement.
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LUMPED PARAMETER MODEL
Consider a spring of length, L which is initially relaxed and at a temperature TL. A displacement of unknown amount, x1 is applied to the spring and the ends are then fixed. Thus, the value of the applied force is also unknown. The displacement and force are related through Hooke's law by: F1=kL•xl, (1) where kL is the spring constant of the spring at temperature, TL. The strain energy stored in the spring can be expressed as: u1=LEI (2) 2 kL
In this example the spring is assumed to be in tension and, of course, the deformation is assumed to be elastic. This initial state is shown as point I in the force-displacement diagram shown in Figure 1 . If the spring is subsequently heated the force will relax due to thermal expansion and plastic flow. The plastic flow results from the reduced yield stress of the material at the elevated temperature, TH. The state of the spring after it has been heated is shown as point II on Figure 1 . Point II is located on a force-displacement diagram corresponding to the higher temperature, 'F11. The force-displacement curve is shifted by an amount, xth to take into account thermal expansion. Since the ends of the spring are fixed, the total displacement, x1 doesn't change but it may now be decomposed into three "virtual" components; the thermal expansion component given by:
the elastic component given by: 115=EllI (4) kH and the plastic component at the elevated temperature, xH. F, is the force at which the spring yields as indicated in Figure 1 . The material is assumed to be perfectly plastic. When the spring is allowed to cool the thermal expansion is reversed but the plastic deformation remains so the force on the spring is:
F3=kL(xL-x) ( 
5)
Point III, is on yet a third force-displacement curve, which is now shifted due to the plastic flow. In this third state the spring constant reverts back to kL. The energy stored in the spring is: U3=J- (6) 2 kU and:
• Ca the 'virtual" in-plane strain resulting from the stress relaxation.
Thus, if the material properties are known one need only determine this value of the strain, Ca. Since in this example the total displacement was assumed to be fixed one could not do a macroscopic displacement measurement. (Note that Ca could, in principal, be measured with XRD.)
Now, imagine instead, that the same process is repeated, but now, the heated spring is placed in series with another spring so the total displacement of the series combination is fixed. Furthermore, assume that the unheated spring undergoes only elastic deformations and that the thermal and force relaxation processes can be superposed. Then the heated and the unheated spring would deform in equal and opposite directions. In this case the unknown force or stress can be determined by the final displacement of the point connecting the two springs or alternatively the net strain in the unheated spring. This latter approach is roughly analogous to the spot heating techniques that we are developing.
The optical method to determine the in-plane strain relief, Ca 5 based on a scheme presented by Jones and Wykes6. With this type of interferometer the object is illuminated by two beams at plus and minus 9 from the surface normal. For the one dimensional situation described here the strain is given by:
Where:
?L = the wavelength of the laser light for the speckle interferometer, x = the measured fringe spacing after performing the image subtraction, 9 = the angle of incidence of the interferometer laser beams.
and the direction of the strain is along the projection of the illuminating beams on the surface of the object. The details of the interferometer employed in our experiments will be discussed later. To first order this type of interferometer is insensitive to changes in the elevation or distance of the surface relative to the interferometer optics. This is different than holographic methods in which there is always some sensitivity to the out-of-plane deformations. These out-of-plane deformations are a second order effect and therefore not as pronounced as the in-plane strains. Holographic techniques have, however been used successfully in the past in conjunction with blind hole drilling methods7.
COMPUTER SIMULATIONS
While the previous discussion defines the global parameters of the measurement a detailed analysis is required. The temporal and spatial characteristics of the heat required treatment for the measurement must be specified. In addition, the detailed thermomechanical response of the specimen under test is needed so that we can compare this detailed response to the results of an interferometric measurement. The ABAQUS8 finite element computer software was employed to perform these analyses. The results of these analyses are presented in the following discussion.
The heating process must be accomplished so that it does not create a nonlinear response in the material, other than the stress relaxation process described above. That is, if the material is heated too much or too fast the local thermal expansion can create plastic compressive strains. This will confound the measurement. In theoiy, the measurement could still be accomplished, but the analysis becomes so complex as to make the technique impractical. Prior to performing the finite element analyses (FEA), a theoretical analysis was performed to estimate the temperature at which this unwanted nonlinearity creeps into the measurement. The analysis was based on the sudden heating of a large, unloaded, 304 stainless steel plate. The results of this analysis are shown in Figure 2 . Figure 2 contains a plot of the increasing compressive stresses generated as a function of temperature and the corresponding decrease in yield stress. Once the thermally induced stresses exceed the yield stress, the plate starts to plastically deform. In this analysis, a temperature rise of only 50 degrees Celsius is required. This is a very imprecise estimate, but it points out the order of magnitude of the allowable temperature increase, and the need for further analysis.
As a result, a two dimensional finite element analysis was performed with more realistic boundary conditions. The heating was chosen to simulate a laser beam with a Gaussian intensity profile. For this part of the analysis, we were only interested in determining the maximum amount of heat addition and the maximum heating rates that could be applied without inducing plastic yielding due to thermal expansion. Therefore, a simple physical model was chosen for the specimen geometry. The model is that of two dimensional, 304 Stainless Steel disk, which was heated at its center. A vertical slice through this disk with the element geometry used in the calculations is shown in Figure 3 . The heat source was assumed to be a laser beam with a Gaussian intensity profile. The disk was assumed to be stress free prior to the laser heating.
Several spot sizes, heating rates, heat fluxes and pulse widths were used as input parameters in the analysis. The only clear functional relationship between these parameters, and when yielding occurred was the maximum temperature rise. While the larger spot size and longer heating pulse durations resulted in some plastic deformation, this effect was small compared to the effect of peak temperature. A summary of the results is shown in Figure 4 . This is a plot of Maximum Equivalent Plastic Strain versus Peak Temperature rise in the specimen. The Maximum Equivalent Plastic Strain is related to the mechanical energy that is dissipated due to the plastic deformation. The data points include all of the different spot sizes, heat fluxes, pulse shapes and pulse widths analyzed. The final heating cycle chosen based on this analysis was a 2 mm diameter spot with a peak intensity of 400 W/cm2. The heating pulse was a triangular in shape starting at no power, increasing to full power in 2.5 seconds and then falling off to zero in another 2.5 seconds. The maximum power of a laser beam to supply this heating would be about 12.5 watts. Naturally, the laser power would have to be increased to take into account reflection.
The final thermo-mechanical analysis was performed to simulate the experiments. The test samples were 304 Stainless Steel, ASTM E8-91 Sheet Type, tensile specimens. In the analysis, the specimens were assumed to be at various levels of uniform axial tension prior to the application of the heat. The protocol described in the preceding paragraph was used for the heat inpuL
The finite element model simulated the constant cross section part of the specimen. The geometry used in the analysis is shown in Figure 5 . Figures 6, 7 and 8 show the calculated results for stresses equal to 80, 90 and 98 percent of the room temperature yield stress. These figures show the net longitudinal displacement on the surface of the material as a function of position in the region surrounding the heated spot. These are the displacements after the specimen has completely cooled and therefore correspond to point III in the simple spring model discussed above. As in the spring model, the total length of the specimen was assumed to be fixed. The regions on the figures show areas of constant displacement, according to the respective gray scales next to the main part of each figure. Since these are displacements and not strains, they get larger, the further they are away from the heated spot.
Figures 6,7 and 8 cover only for one quadrant, since there is mirror symmetry around both the lateral and longitudinal sample axes. The maximum displacements are about 6 micrometers for the highest residual stress case and about 0.6 micrometers for the lowest residual siress case. These deformations can easily be measured with the type of speckle interferometer mentioned earlier. The experiments will be described and the results of this analysis and the experimental results will be compared in the following discussion.
DESCRIPTION OF EXPERIMENTS
A series of experiments were performed to demonstrate the validity of the approach described in the first part of this paper. The tests were performed by preloading the test specimens in uniaxial tension to a given stress level and then fixing the ends of the specimen. In this way the experimental conditions matched the conditions imposed by the computer simulation. In a "real" situation it is arguable as to whether the stress or the displacement is held constant. As the measurement procedure is developed this issue will need to be addressed. The heating was supplied by contact resistance rather than laser heating. Ultimately, laser heating would be the approach of choice to do these residual stress measurements. As mentioned earlier a relatively low power carbon dioxide laser would probably be most suitable. For the experiments reported here, however, the heating was accomplished by passing current through a graphite tip into the test specimen. This method proved to be workable and avoided the need to acquire a laser until the validity of this method of stress measurement could be verified. As will be seen, the experimental results presented in the following discussion and the computer simulations were in excellent agreement. Figure 9 shows a schematic of the load frame and heating apparatus used in these experiments. The preload was determined by a load cell that was fixed between the bottom grip (which is fixed) and the frame of the tensile tester. A dial gauge was positioned on the top of the load frame to measure the displacement of the top grip, which was the movable grip. The top grip was driven through lead screws to apply the desired load. The friction on the motor and lead screws was sufficient to clamp the end of the specimen as born out by the dial gauge readings. Current for the electrical heating was supplied by a programmable power supply. The current wave form and heating cycle were chosen to mimic the thermal cycle used in the computer simulations. This was done by adjusting current pulse in magnitude and time so that the peak temperature on the back side of the specimen was the same as that in the FEA model. The heating element ultimately selected for the demonstration experiments had a 2mm diameter soft graphite tip. The temperature was measured with a thermocouple pressed to the back side of the specimen directly opposite of the contact point of the heating element. Care was taken to insure that the contact pressure of the thermocouple did not influence the measurement.
Description of the apparatus
A schematic of the Electronic Speckle Pattern Interferometer (ESPI) optics is shown in Figure 10 . In this setup a single beam expander/collimator was used. The collimated beam is split into two beams which illuminate the same spot on the test specimen. The angles of incidence were pius and minus 45 degrees. The illuminated spot was imaged onto a monochrome CCD camera as shown in Figure 1 1 . The initial image is obtained prior to heating and stored in the memory of the microcomputer. Heat is applied and then specimen is allowed to cool. After the cool-down the second image is acquired. The images are subtracted and the resulting fringe pattern is displayed on a monochrome monitor. Prior to printing, the fringe pattern was low pass filtered and the contrast enhanced. The resulting fringe patterns are of course sensitive only to the longitudinal displacement on the surface of the specimen.
EXPERIMENTAL RESULTS AND COMPUTER MODEL COMPARISON
The specimens used for the demonstration experiments were constructed according to ASTM Standard9 E8-91 for sheet type specimens. The constant cross section part of the 8 inch long specimen was 2 inches in length and 0.5inches wide. The thickness of the specimen was 0. 1 inch. The heating current was a square pulse with a duration of 3 seconds and a current of fifty amps. This current pulse and the resulting temperature on the back side of the 304 stainless steel specimen is shown in Figure 12 . This heating cycle was used in all of the demonstration experiments. The required temperature rise on the back of the specimen as defined by the computer model was 47.4 degrees Celsius. The corresponding computed temperature rise at the heated surface was 187.8 degrees Celsius. The model also predicts about a one second lag between the heated surface and the back surface. This time lag is consistent with the lag between the current pulse and the temperature shown in Figure 12 . Figure 13 shows the experimental results for the case when the preload was 80% of the nominal yield stress of the material. The longitudinal displacement, u, can be computed by integrating Equation 1 1 which can be written simply as:
where n is the order of the dark fringes. In this case as in the next two figures the center dark fringe is the zeroorder fringe. The intersection of the center of this zero order fringe and horizontal line in the figure is the spot at which the heating took place. It can be seen from the fringe pattern that this point is an axis of symmetry. The fringe spacing can be estimated by remembering that the width of the specimen was one half of one inch. The displacement obtained for this fringe pattern is 0.28 micrometers. The displacement obtained from the computer simulations was 0.275 micrometers. Thus the results of this measurement and the computations are in very good agreement. On the other hand one must admit that with the small displacement, in this experiment the interpretation of the fringe pattern is somewhat subjective. This is not so much the case for the higher stress levels. Figures 14 and 15 are similar to Figure 13 except they are for 90% and 98% of the yield stress, respectively. As the stress levels are raised one expects the amount of stress relaxation to increase. This intuitive result can also be easily deduced from Equation 10. As the displacements increase, the number of fringes increases and the interpretation becomes much more concrete. As can be seen in Figure 14 , the calculations and experimental results agree to within about 5%. For Figure 16 the agreement is within about 6%. These results are, of course, very encouraging.
SUMMARY AND CONCLUDING REMARKS
The work reported in this paper had as its objective: to demonstrate the "scientific" feasibility of determining residual and applied stresses by Electronic Speckle Pattern Interferometry (ESPI) and local annealing. We anticipate in the end that the heat for the annealing process will be supplied by a modest power CO2 laser. To this end we have developed a simple theoretical lumped parameter model to explain the process and to determine the essential features of the process. From this lumped parameter model, it can be seen that the yield stress of the material must be known as well as the more easily available parameters such as the Young's moduli at the high and low temperatures and the thermal expansion coefficient.
Computer simulations were subsequently performed and compared with experimental results using an ESPI of our own construction. Excellent agreement between the computer model and the experiments was obtained. To obtain a complete description of the stress state by this measurement technique, the stress relaxation will have to be measured in three directions. This requirement is the same for blind hole drilling. To make this technique practical, several technical issues need to be addressed. One of the largest is the uncertainty in the yield stress of the material. Handbook values of the yield stress are, of course, commonly available. However, since the amount of cold work that the material has undergone may not be known, an in situ measurement may be required. It may be possible to estimate the yield stress with a hemispherical indenter, but more research on this subject is required. The remaining issues are less fundamental but still require additional work. These issues include: front surface temperature measurement; vibration isolation (for in situ measurements); heating cycles for depth profiling of the stresses; automated fringe analysis techniques, and finally the generation of a widely accepted measurement standard. We are presently working on resolving these issues.
We would like to reiterate, that while this method may seem to be unduly complex, in the final embodiment it is not expected to be. In our opinion, many of the operational and technical complexities can be easily handled. Our current work is geared towards doing an "engineering" feasibility demonstration in which this will become clear.
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iir.tc tr Te. Figure 9 . Schematic of the load frame and spot heating system. A small load frame preloads the test specimen which is then heated by contact resistance heating. A dial gauge was placed on the load frame to insure that the ends of the specimen remained fixed during the experimentation. The fixed end conditions were assumed in the computer simulations. 
